• Activated carbon modified with CaCl 2 is an effective sorbent to remove nitrate from aqueous solutions • Maximum removal was between pH 3 and 9 • The Langmuir, Redlich-Peterson and Sips model isotherms represent the experimental data well with R 2 > 0.99
Researchers have described several sources of nitrate as being the causes of water resources contamination (surface and groundwater). Most research reports that water contamination by nitrate is primarily associated with agriculture practices [3] . Further sources of nitrate include nitrogen dissolved in precipitation, return flows of irrigation water and dry deposition (gases and suspended particles dispersed) [4] . However, other sources of nitrate contamination also deserve attention, including domestic and industrial wastewater, septic systems, landfills and animal waste [5] .
Several methods have been proposed to reduce or remove nitrate from drinking water or wastewater such as biological, physical-chemical, chemical and electrochemical techniques. According to Chiueh et al. [6] , methods for the removal or reduction of nitrate in aqueous solutions may be grouped into two main categories: i) transport, such as reverse osmosis, ion exchange, electrodialysis and sorption and ii) destruction, such as biological, chemical and catalytic denitrification.
Sorption processes are generally considered to the best in water treatment due to their simplicity and ease of operation. Moreover, these processes can eliminate or reduce the different types of organic and inorganic pollutants in water or sewage and therefore have wide applications in pollution control [7] .
Several sorption technologies have proven to be successful in removing different types of inorganic anions. Viswanathan and Meenakshi [8] reported successful removal of fluoride; Namasivayam and Sangeetha [9] and Guan et al. [10] showed successful removal of nitrate; Bhatnagar et al. [11] reportedly removed bromate; and Mahmudor and Huang [12] were successful in removing perchlorate. All of these studies were performed with aqueous solutions using various materials as sorbents. It should be noted that the efficiency of removal strongly depends on the choice of sorbent material suitable for a specific anion [13] .
In this study, activated carbon was modified with CaCl 2 and used to remove nitrate from aqueous solutions by sorption. Accordingly, the effects of various parameters on the adsorption process were investigated such as the point of zero charge (pH PZC ), pH, sorbent concentration (c S ) and time. This paper is focused on the investigation of the activated carbon surface modified by CaCl 2 . Quick functionalization and easy execution applied to the removal of nitrate in aqueous solutions can be considered an advance in this treatment.
MATERIALS AND METHODS

Specification of reagents and sorbent
Commercial granular activated carbon (GAC) was used as a solid sorbent, with a particle size between 1 and 2 mm (Synth ® , Diadema, São Paulo, Brazil). Sodium nitrate (99%, ACS-PA, Dinâmica ® , Diadema, São Paulo, Brazil) was used as the sorbate. Calcium chloride (Sigma-Aldrich ® , São Paulo, São Paulo, Brazil) was used to chemically modify the activated carbon surface. Analytical-grade reagents and deionized water were used throughout this study unless stated otherwise.
Chemical modification of activated carbon
A 1000 mL solution of 2000 mg·L -1 CaCl 2 was prepared in a 1000 mL beaker. Ten grams of GAC was added, and the solution was stirred for 1 h. Following filtration of the solution, the coal retained by the filter was dried for 24 h at room temperature (∼25 °C).
To evaluate the surface modification of GAC, SEM analyses were performed using an electron microscope (TM 3000 -HITACHI) coupled with EDX. Specifically, the outer microstructure and the elemental composition of the activated carbon before and after chemical treatment surface were evaluated.
Point of zero charge (pH PZC ) experiment
The point of zero charge (PZC), defined as the pH at which the surface of the sorbent has a neutral charge, was determined by the "experiment of the 11 points" methodology proposed by Herczynska [14] . Mixtures of 50 mg of sorbent and 50 mL of aqueous solution were prepared at 11 different initial pH values (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . The pH was adjusted with 0.1 mol·L -1 HCl or NaOH and was measured again after 24 h. The relationship between the initial pH values and the change in pH with time determined the point at which the material became absorbent, pH PZC .
Batch sorption experiments
Sorption tests were performed with granular activated carbon modified with CaCl 2 by adding in 200 mL of 10 or 20 mg·L -1 nitrate solution. The tests were performed at room temperature (25±3 °C) for 30 min under constant stirring in a shaker (Wagner, Marconi, Brazil). Subsequently, the solution was filtered with filter paper and the concentration of residual nitrate determined by UV spectroscopy (λ = 200 nm) as described in the Standard Methods [15] . The amount of nitrate adsorbed to the GAC-modified material was calculated by the following equation:
where q e represents the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mg·g The effect of pH on the sorption process was evaluated by varying the pH of the sorption solution.
The pH values were established for each test and kept constant by regular monitoring. The Statistica 5.0 software (Statsoft Inc., Tulsa, OK, USA) was used to perform analysis of variance (ANOVA) tests for lack of fit and to determine the regression coefficients. Tukey's test was used to compare all pairs. The test is based on the least significant difference, and it is used as to test for any difference between the two averages of treatment.
Equilibrium isotherms
Modeling of sorption isotherm data is important to predict and compare adsorption performance, as the sorption isotherm represents the equilibrium relationship between the solute in solution and the sorbate retained in the sorbent at a given temperature [16] . The model parameters often provide information about the mechanisms of sorption, surface properties of the sorbent and affinity between the sorbate and sorbent. Langmuir, Freundlich, Redlich-Peterson and Sips isotherm models are commonly used to describe the solid-liquid sorption system.
The Langmuir isotherm
The Langmuir isotherm has been used extensively by many authors to describe the adsorption of heavy metals, dyes and organic pollutants onto materials such as activated carbon, clay and food industry waste [16] [17] [18] . This model is valid for monolayer adsorption on specific homogenous sites containing a finite number of identical sites and assumes uniform adsorption energies on the surface without transmigration of the sorbate in the plane of the surface. The Langmuir isotherm model estimates the maximum adsorption capacity produced from complete monolayer coverage on the adsorbent surface [19] . (4) can be assimilated to the Eq.
(3), as the ratio A/B and (1-β) corresponds to the parameters K f and 1/n of the Freundlich isotherm (Eq. (3)). For β = 1, Eq (4) can be likened to the Langmuir equation (2); A/B is numerically equal to the monolayer capacity (q m ), and B is the sorption equilibrium constant.
The Sips isotherm
The Sips isotherm model considers the adsorption capacity to be limited by high sorbate concentrations [24] . This model is similar to the Langmuir model but includes a parameter that represents the heterogeneous system. The Sips isotherm can be described by the following equation: ). If data from the model are similar to the experimental data, χ they are different, χ 2 will be a large number. Therefore, it is necessary to also analyze the data set using the Chi-square test to identify the isotherm that best fits the sorption system.
Kinectic studies
Kinetic studies were performed in 1.0 L conical flasks using initial nitrate concentrations of 20 and 10 mg·L -1 at pH 6. The solutions were shaken at room temperature (25 °C) for 2 h. Samples of 1.0 mL were collected from the triplicate flasks at required time intervals (5-120 min). The clear solutions were analyzed for residual nitrate concentration in the solution.
RESULTS AND DISCUSSION
Structural and elemental analyses Figure 1 shows the results of SEM and EDX analyses on the GAC before and after modification. Irregular, heterogeneous and disordered surfaces can be observed in both cases. The chemical modification caused by the CaCl 2 showed no apparent changes in surface morphology in the photomicrographs of the GAC and GAC+CaCl 2 materials. This can be confirmed by the surface area for GAC and GAC+CaCl 2 , respectively. It was observed that the total pore volume didn't show significant difference. Pore volume of 0.33 was found for GAC and 0.32 cm 3 ·g -1 for GAC+CaCl 2 . However, the spectrograms obtained for the GAC and GAC + CaCl 2 samples showed that calcium appears in the elemental composition after GAC modification, indicating that the treatment seems to be effective.
Determination of the zero charge point (pH PZC )
The values of pH PZC for modified GAC and GAC were 7.20 and 7.80, respectively. The sorbent is considered to act as a buffer solution at this value.
These results were expected, as the sorbents have different surface characteristics; the sorbent that received chemical treatment with CaCl 2 has more positive active sites, which tend to retain more OH -. Consequently, the concentration of H + in the solution increases, making it more acidic. Thus, this PZC value is lower than that of activated carbon without chemical treatment.
The pH of the system affects the sorption functional groups by dissociating the active sites on the sorbent surface. This change in pH influences the kinetics of the sorption processes.
The sorption of cations increases when the actual pH is greater than the pH PZC , while the sorption of anions is favored at pH lower than pH PZC values [26] . However, the specific sorption of cations minimizes pH PZC . Thus, the particular sorption of anions maximizes pH PZC .
Study of the sorbent concentration (c S )
With solid sorbent concentration of approximately 20 g·L , 88% of the nitrate was removed after equilibrium was reached.
These results can be explained by evaluating the total sorption and active surface sites of the sorbent. In accordance with Pavan et al. [27] and Vaghetti et al. [28] , increasing the amount of solid sorbent in the system causes an increase in sorption area, and thus more active sites are available. This mechanism reduces the nitrate concentration in the solution. Accordingly, increasing the dosage of the sorbent would completely remove the solute from the solution. However, this outcome does not occur in batch systems because the sorbent and the sorbate retained solute in the solution establish an equilibrium [29] .
When the solute concentration in the solution was below 5.0 mg·L -1 , continually increasing the sorbent dosage did not significantly affect removal.
Influence of pH in the nitrate sorption in the modified GAC The influence of pH on the nitrate sorption process using the modified GAC was evaluated for different sorbent concentrations: 2, 4 and 6 g of sorbent per 200 mL of nitrate solution; the initial concentrations of nitrate were 10 and 20 mg·L
The results indicate that a small change occurred in the sorption behavior at pH 6 for 2 g of sorbent in a 10 mg·L -1 nitrate solution; when the sorbent concentration was increased while all other conditions were kept constant, the process appeared to be independent of pH. However, higher sorption was observed for 2 g of sorbent in a 20 mg·L -1 nitrate solution. At pH 4, the results obtained from this study are similar to the results reported by Ozturk and Bektas [30] . The process also seems to be pH independent for higher concentrations of sorbent and a 20 mg·L -1 initial concentration of nitrate.
The data indicate that pH has little influence on the sorption capacity. However, small variations in this capacity were identified for lower sorbent concentrations. According Corapcioglu and Huang [31] , the pH of the solution directly influences the surface charge of the sorbent and the ionization degree of several solutes. In other words, the pH interferes with the charge of the molecules that are present in solution. Changes in pH affect the sorption process by decoupling the functional groups present on the surface of the sorbent, specifically the active sites. The interaction between various cationic and anionic species with the sorbent could be explained by competitive sorption of H + and OH -with sorbates. Figure 2 shows the results of a detailed pH test (pH range 2-10) that was performed to verify the influence of pH on the nitrate sorption process. The results show that the pH does not significantly affect the removal of nitrate. Tukey's test was performed with a significance level of 95% to assess whether the mean values of removal at each pH were different. This test showed significant differences between the mean values at pH 2 and 10 (p < 0.05). For pH 2, all mean values were significantly different, whereas at pH 10 the average values were significant when compared with the mean values at pH 5, 6 and 7. Thus, the mean values did not vary significantly from pH 3 to 9. This result is similar to the result presented by Namasivayam and Sangeetha [9] , who reported an adsorption maximum between pH 3 and 10 when studying nitrate removal from aqueous solutions using activated carbon modified with ZnCl 2 . Based on these results, it seems that the surface treatment with CaCl 2 assigns positive character to the GAC sites, confirming the existence of two sorption mechanisms involving electrostatic interactions and anion exchange.
The sorption capacity is close to 0.8 mg g , respectively). The low sorption observed at pH 2 can most likely be attributed to competition between NO 3 -and Cl -in the active sites, which results from HCl added to adjust the pH. At pH 10, the surface of the sorbent is charged with negative sites, which does not favor anion sorption due to electrostatic repulsion.
At pH values lower than pH PZC (7.20) , the movements on the surface of the sorbent result in positively charged sites. Thus, the sorption of anions seems to be primarily facilitated by electrostatic attraction.
According to Chintala et al. [32] , at pH values more than pH PZC (7.20) , the movements on the surface of the sorbent result in negatively charged sites. Thus, the sorption of anions seems to be primarily facilitated by anion exchange.
According to Namasivayam and Sangeetha [26] , the degree of protonation at the surface of the sorbent does not drop immediately to zero at pH values higher than pH PZC (7.20) . However, the sorption of anions is still possible. Furthermore, ion exchange mechanisms could account for the removal of anions in solutions with pH values approaching 10 and in solutions at pH PZC .
Nitrate can still be removed at pH values of 2 and 10, but this behavior is unusual since electrostatic repulsion inhibits sorption when the surface of the sorbent is strongly negative. Ion exchange mechanisms are inhibited in the same way.
Equilibrium of sorption Figure 3 shows the experimental and predicted results obtained for the nitrate sorption process using modified GAC. The following mathematical models have been used to quantitatively analyze the sorption process: Langmuir (Eq. (2)), Freundlich (Eq. (3)), Redlich-Peterson (Eq. 4)) and Sips (Eq. (5)). These models were adjusted by nonlinear regression using the Origin 8.5.1 software (OriginLab Corporation). Figure 3 shows an L-type experimental isotherm with a concave (favorable) shape relative to the axis C e . Giles et al. [33] reported that the slope does not increase with increasing solute concentration for a curve with this type of geometry, indicating a high affinity between the solute and sorbent. This affinity allows molecules (or ions) to sorb to the surface and to sometimes experience particularly strong intermolecular attractions.
As shown in Figure 3 , the experimental values of q e reach a plateau when the equilibrium concentration of solute in the solution reaches 40 mg·L -1 . This plateau value was defined as the experimental sorption capacity and equaled 1.60 mg·g -1 . By observing the shape of the predicted isotherms, it is possible to qualitatively assess the interaction between the ions in solution and the sorbent. Figure 3 also indicates that the Redlich-Peterson, Langmuir and Sips models accurately describe the experimental data for the concentration ranges in this study.
The Freundlich isotherm, which has been successfully applied to many sorption processes [34, 35] , did not represent the best fit for the experimental data obtained in this study. Table 1 . This result demonstrates that the Freundlich model best applies to low concentrations, which is a result also shown by Langmuir [16] by applying the model for the sorption of gases in solids to their data. According to Giles et al. [33] , the term 1/n in the Freundlich Equation indicates that when n > 1, the curve generated by plotting values of q e against c e is concave relative to the axis of the abscissa, which indicates a process that favors sorption. The value of n shown in Table 1 indicates that this experiment is favorable.
The constant K f may be used to compare the sorption process for the same sorbent with different solutes. Conversely, K f may also be used to compare the sorption process for different sorbents in the same solute. These comparisons help establish the system with the most efficient sorption. Febrianto et al. [36] state that, unlike the Langmuir constant (q m ), K f does not provide the sorption capacity, as the sorbent does not reach saturation in the Freundlich model.
The coefficients of determination (R 2 ) for the Redlich-Peterson, Sips and Langmuir models presented in Table 1 are very similar; thus, the most approriate model cannot be chosen based on these values. To compare the three models, the Chi-square test statistic, χ [19] . In other words, the number of sorbed molecules cannot exceed the number of elementary spaces (active sites) without the formation of additional layers. However, the forces acting between two layers of sorbate molecules are usually much smaller than the forces acting between the sorbent and sorbate. Thus, the higher the value of K L , the greater the driving force for sorption. In fact, the Langmuir Equation (Eq. (2) Comparing the q m values in the literature (Table  2 ) with K L and analyzing the relationship between the Langmuir sorption capacity and energy constant [37] indicates that sorption may be occurring in several ). This result also demonstrates that the nitrate may be adsorbing in more than one layer when q m is high and K L is low.
Therefore, the Langmuir model does not apply. Table 1 also indicate that these models approximate the Langmuir isotherm.
Kinectic studies
Sorption kinetics are an important characteristic for evaluating the efficiency of sorption. The kinetic behavior of this process was studied at pH 6 and 25 °C using two different initial nitrate concentrations (Fig. 4) . Figure 4 , which represents the kinetics of nitrate sorption, indicates that the process occurs in two phases: an initial rapid phase followed by a slower phase that ultimately reaches equilibrium.
The initial high rate of nitrate sorption is most likely due to the greater availability of binding sites near the surface of the modified GAC. The sorption capacity increases with an increase in the initial nitrate concentration, but the time required to reach equilibrium appears to be almost independent of the initial concentration.
To study the controlling mechanisms of the sorption process, pseudo-first-order (Eq. (6)) [38, 39] and pseudo-second-order kinetic rate models (Eq. (7)) [40] , as well as an intra-particle diffusion model (Eq. (8) 
where k p is the intra-particle diffusion rate constant (mg·g -1 ·min -0.5 ). Correlations of the kinetic data with the two above kinetic rate models using different initial nitrate concentrations yielded linear plots ( Figure 5 ). The curves for the pseudo-second-order rate model have higher correlation coefficients (R 2 = 0.999 and 0.998) when compared with the correlation coefficient obtained from the linear plot of the pseudo-first-order rate model (R 2 = 0.987 and 0.982). The first order equation did not apply for all contact times and was only applicable over the initial 0-30 min sorption period. A plot of log (q e -q t ) versus time at different sorbate concentrations ( Figure 5 ) deviated considerably from the data after a short period of time. The calculated slopes and intercepts from the plots were used to determine the rate constant (k 1 ) and equilibrium capacity (q cal ). The values of k 1 , q cal and the regression coefficient are provided in Table 3 . Figure 5 shows that the Lagergren model fits quite well for the first 30 min. However, the data deviate considerably from theory thereafter. In many cases, the pseudo-first-order rate model does not fit the entire range of contact time well and is generally applicable to only the initial stage of the sorption process. A similar trend was observed by Ho and McKay [39] for dyes on peat particles: The pseudo-first-order model represented the initial, rapid sorption stages well but could not be applied for the entire sorption process.
The best-fit model was selected based on two criteria: 1) the match between the experimental (q e ) and theoretical (q cal ) sorption values, and 2) the linear correlation coefficient (R 2 ) values for the concentrations tested in this work. The values obtained by the pseudo-second-order model ( Figure 5 ) agreed well with experimental data and can be used to explain the nitrate sorption to modified GAC. The resultant values from these calculations are given in Table 3 . The intra-particle diffusion approach (Eq. (8)) can be used to predict if intra-particle diffusion is the rate-limiting step. The data can be represented in multiple linear plots, revealing that the process is governed by two or more steps ( Figure 6 ) [42, 28] . The first linear portion (phase I) at both concentrations can be attributed to the immediate utilization of the most readily available sorption sites on the sorbent surface. Phase II may be attributed to the very slow diffusion of the sorbate from the surface site into the inner pores. Thus, nitrate sorption to modified GAC may be initially governed by the intra-particle transport of nitrate controlled by surface diffusion processes and later by pore diffusion. The values of k p1 and k p2 (diffusion rate constants for phases I and II, respectively) obtained from the slope of linear plots are listed in Table 3 .
CONCLUSIONS
This study shows that activated carbon modified with CaCl 2 is an effective sorbent to remove nitrate from aqueous solutions. The sorbent showed a lower surface pH after treatment, indicating that the surface modification of the activated carbon with CaCl 2 was successful. The increase in sorbent dosage augmented the percent removal of nitrate due to an increase in sorbent surface and dosage. Maximum removal was observed between pH 3 and 9. In this range, 75% of the nitrate was removed, indicating that the sorption of nitrate with CaCl 2 -modified activated carbon can be accomplished over a wide pH range. The experimental sorption capacity (q e ) was 1.60 mg·g -1 , while the sorption capacity (q cal ) was calculated to be 1.93 mg·g -1 using the Sips model isotherm. The Langmuir, Redlich-Peterson and Sips model isotherms represent the experimental data well. The coefficient of determination was greater than 0.99 and the Chisquare test statistic was less than 0.1 for these three models. Finally, it was found that sorption kinetics obeyed a second order kinetic model. Figure 6 . Weber and Morris intra-particle diffusion plots of sorption of nitrate at different initial concentrations.
